G lobal estimates of glacier mass changes have traditionally been based on the extrapolation of local geodetic and glaciological measurements. These records indicate increasing mass loss in recent decades (1) (2) (3) . However, a recent study (4) using Gravity Recovery and Climate Experiment (GRACE) satellite gravimetry from 2003 to 2010 suggests that global glacier mass wastage is much less than previously thought (1, 5) . To investigate this discrepancy, we recalculated existing results from glaciological extrapolation and GRACE to a common spatial and temporal reference that we compare with independent altimetric estimates from the Ice, Cloud, and land Elevation Satellite (ICESat). We provide estimates of regional mass budgets for glaciers peripheral to the Greenland and Antarctic Ice Sheets and for the glaciers of highmountain Asia (HMA), based on elevation changes from ICESat.
For regional glacier analyses, we relied on the Randolph Glacier Inventory [RGIv3 (6) ], a globally complete digital database of glacier coverage. It defines 19 glacier regions that contain a total glacierized area of~729,400 km 2 (circa 2000: Fig. 1 and Table 1 ). Deriving regional and global mass budgets from glaciological and local geodetic measurements is complicated, because the set of measured glaciers is sparse for many regions and can be biased toward smaller landterminating glaciers (7) . Monitoring of glacier mass change on a global scale using satellite gravimetry or altimetry has only become possible with the launch of the GRACE and ICESat satellites in early 2002 and 2003, respectively. The ICESat mission ended in October 2009, giving a 6-year overlap with GRACE from October 2003 to October 2009, during which we are able to compare results from all three methods. Unless otherwise stated, all the mass budgets on which we relied (8-10) have been updated to cover this common time span over the RGI regions, with no changes to the original methods. All reported estimates are accompanied by 95% confidence intervals (CIs).
We recalculated recent GRACE glacier masschange estimates (4, 11) with updated mascons (table S1). We also made alternative GRACE estimates of glacier mass changes by expanding the methods of Wouters et al. (12) , which were originally developed to retrieve mass changes for the Greenland Ice Sheet and Arctic glaciers (12) (13) (14) , to all glacierized regions ( , respectively. The two GRACE estimates also agree well on a regional scale (11) , so for the remaining analysis we averaged them and refer to the combined result as JW12. The averaged gravimetric estimate is half as negative as a more conventional estimate (2), based on spatial interpolation of glaciological and local geodetic measurements (hereafter referred to as glaciological records). This method yields a mass budget of -329 T 121 Gt year −1 (we refer to these results as C09). If we include glaciers peripheral to the Greenland and Antarctic Ice Sheets, C09 gives a total estimate for all glaciers of -491 T 200 Gt year ) of glacier mass loss for 2006, also determined from extrapolation of local glaciological records (1). Here we address the large discrepancies between gravimetric and glaciological estimates region by region and compare them with estimates from ICESat laser altimetry where available.
Peripheral glaciers in Antarctica (15) and Greenland (16) account for about 30% of the global glacier area, but until recently there have been no published region-wide estimates for our study period. We present an analysis of elevation changes along ICESat near-repeat tracks, using a plane-fitting technique that accounts for the local surface slope (8) . We used surface elevations from the GLA12 and GLA06 altimetry products Release 533, with standard saturation correction applied and no correction for potential intercampaign biases (11) . In Antarctica, we corrected elevation changes for variations due to change in the firn density, using a firn pack model with a horizontal resolution of~27 km (17, 18) . We attributed residual volume changes after these firn corrections to changes in glacier ice and converted them to mass changes, using a density of 900 T 17 kg m ), which is in contrast to earlier modeling estimates for 1961-2004 (19) . There are, however, subregional examples of both loss (Ant-
). For Greenland we lack firn pack model simulations and instead rely on estimates of the firn area and the bulk density of the firn volume change (11) . We estimate a total mass budget of -38 T 7 Gt (Table 1) . Peach-colored halos surrounding red circles show the 95% CI in mass change estimates, but can only be seen in regions that have large uncertainties. 
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Caucasus and Middle East 1,100 0 -900 T 160 ). All subregions experienced significant thinning [ Fig. 2 (11) ], except for the Flade Isblink Ice Cap, Greenland's largest ice cap (20) . Our estimate is consistent with a recently published estimate of -28 T 11 Gt year −1 for the period 2003-2008 that was determined from ICESat data using methods comparable to ours but assuming a larger firn area and lower bulk density for the firn volume change (21). We do not include this estimate in our analysis, as it does not cover the full 2003-2009 period. ICESat-based estimates are less negative than C09 in both Greenland and Antarctica (Fig. 3) , but only significantly different in Antarctica, where the C09 estimate is 100 Gt year −1 more negative. The cause of the disagreement is discussed after our assessment of regional mass changes.
Outside of Greenland and Antarctica, there are four high-latitude regions with published glacier mass budgets from ICESat (2003- Fig. 3 (11) ].
The two remaining large (>5000 km estimates of glacier mass change of -9 T 2 Gt year −1 and -11 T 3 Gt year −1 agree well. The largest glacierized region outside the Arctic and Antarctic is HMA. Glacier changes in this region are spatially heterogeneous and not well known (22) . Himalayan and Hindu Kush glaciers have recently been found to be losing mass (23) , whereas the glaciers in the Karakoram are in near balance (24) . For complete comparison with JW12 and C09, we analyzed ICESat altimetry for (table S4) . Uncertainties give the 95% CI. ) in the western and central portions of the region (Pamir, Karakoram, and western Kunlun). We converted volume changes to mass changes using a density of 900 kg m −3 and summed the subregional estimates (table S5 ) to obtain a total HMA mass budget of -29 T 13 Gt year ) agrees well with Schiefer and others (29) , and glaciological records indicate that the most recent decade has seen accelerated glacier loss. This suggests that C09 performs satisfactorily in this region and that JW12 may not adequately separate the glacier mass signal from other mass changes in the region.
The remaining six small regions (glacier area <5000 km 2 each) contain only 2% of Earth's glaciers by area ( Table 1 ). The JW12 gravimetric estimates of glacier mass change for these regions have larger uncertainties than the glaciological estimates (Fig. 3) , and there are no concurrent regional-scale measurements of elevation changes, because ICESat track coverage is insufficient for reliable estimation. These sparsely glacierized regions all have a relatively high density of glaciological records (table S3) , and we therefore expect C09 to perform satisfactorily here. Summing all six regions gives a C09 estimate of -12 T 4 Gt year -1 and a JW12 estimate of +4 T 16 Gt year −1 . Our assessment shows that ICESat and GRACE estimates of mass change for large glacierized regions agree well and that estimates derived from the interpolation of glaciological records can be substantially more negative (Fig.  3) . This suggests that the database of glaciological records is negatively biased. To investigate this bias, we extracted subsamples of ICESat elevation change data within 100 km of the C09 glaciological measurements in the five regions where both data sets are available. These ICESat subsamples reveal that the neighborhoods of the glaciological measurements are typically thinning more rapidly than the regional mean (Fig. 5) . Forty-one of the 49 glacier neighborhoods had rates of thinning higher than their respective regional averages ( fig. S9 ). Across the five regions, which account for 75% of the global glacierized area, the area-weighted difference between the regional mean and the elevation changes in the C09 neighborhoods is -0.43 m year −1 , which would translate to a large global mass-budget bias of -201 Gt year −1 for 2003-2009. Thus, glaciers with glaciological measurements tend to be located in subregions where mass loss is greater than in their region as a whole, and this sampling bias is probably the major source of the discrepancy between C09 and the satellite-based estimates.
For our consensus estimate of global glacier mass wastage, GRACE and ICESat estimates are favored for all regions that have glacierized area greater than 5000 km 2 , except western Canada/ United States. In the latter region, and in six smaller regions where the density of in situ measurements is relatively high and the GRACE uncertainty exceeds T1000 kg m −2 year
, we take C09 as the best estimate of mass change. C09 also has a relatively high measurement density for Iceland, so we included it in the method-averaged estimate for Iceland. On the basis of this synthesis, we estimate that Earth's glaciers had a mass budget for 2003-2009 of -215 T 26 Gt year −1 when peripheral glaciers in Greenland and Antarctica are excluded, and -259 T 28 Gt year −1 when peripheral glaciers are included (Table 1) .
Compared to longer-term global estimates from 1960-1961 to 2004-2005, our consensus mass budget is slightly less negative than three of four previous studies (2, 19, 30) but more negative than the fourth (3). This could imply that there has been no increase in glacier mass loss in the most recent decade, but this conflicts with the glaciological records themselves (Fig. 6 ) and with repeat geodetic measurements (13, 25, (31) (32) (33) . Can. Arctic North [4] elevation change anomaly [m yr
Antarctic [2] Svalbard [11] High Mtn. Asia [28] . The two C09 estimates are determined from an updated set of glaciological records using the methods of Cogley (2).
We instead suggest that most previous assessments have overestimated global mass losses because of the interpolation of sparse glaciological measurements that are not representative for the largest glacierized regions. We can only demonstrate this negative bias for the 2003-2009 period, but it has long been suspected for earlier periods as well (34, 35) . This calls for a reexamination of previous global estimates based on the interpolation of glaciological records, which will probably lead to a downward revision of the estimated total contribution of glaciers to sea level rise over the past century.
Our consensus estimate of glacier mass wastage between 2003 and 2009 implies a sea-level contribution of 0.71 T 0.08 mm of sea level equivalent (SLE) year −1 , accounting for 29 T 13% of the observed sea level rise for the same period (11) . The total glacier mass loss is comparable to a recent estimate for the whole of Greenland and Antarctica (36) (peripheral glaciers + ice sheets) for the period 2003-2008. To avoid double counting, we subtracted our estimates for peripheral glacier mass loss from this total to obtain a total ice-sheet mass budget of -289 T 49 Gt year −1 (11) and a total land ice (all glaciers + ice sheets) mass budget of -545 T 57 Gt year −1 , amounting to a sea level rise of 1.50 T 0.16 mm of SLE year −1 which is 60 T 19% of the total global sea level rise (11) .
